Surface-normal second harmonic emission from AlGaAs high-contrast gratings Second harmonic (SH) generation from AlGaAs near-wavelength high-contrast gratings was studied in polarization-dependent reflection measurements. The grating design is critical in determining the strength and polarization of the second harmonic signal. The second harmonic response was enhanced by more than 3 orders of magnitude compared to flat AlGaAs surfaces without the gratings. These enhancements are due to the diffractive nature of the gratings, specifically their ability to change the direction of light waves. V C 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4775664] Dielectric gratings continue to be subject of intensive research due to their diverse range of applications, such as filters, 1 waveguides, 2 or couplers. 3 Another area of interest has also been the efficient nonlinear frequency conversion using a grating, 4 which has often been accomplished by using the grating vector to fulfill the phase matching condition, which, in turn, is intimately related to the conversion efficiency. [5] [6] [7] Large enhancement of second harmonic generation (SHG) can also be achieved in grating resonators by taking advantage of the electric field build-up, 8, 9 which is an approach that fits well with recent efforts to achieve efficient SHG in microresonators, [10] [11] [12] potentially leading to on-chip integration of frequency converters with light sources.
Here, we report on SHG from AlGaAs-based near-wavelength high-contrast gratings (HCGs), 13 which were designed to be highly reflective for surface-normal incident light at the fundamental wavelength. HCGs are a class of dielectric gratings in which the grating bars are made of high index materials (typically semiconductors) and are surrounded by low index media, such as air or SiO 2 . Of particular interest are near-wavelength HCGs, which are gratings whose period is larger than the wavelength of the incident light in the high-index material but still smaller than the wavelength in the surrounding low-index medium. Such gratings have been shown to exhibit peculiar optical properties, as demonstrated by their implementations as broadband mirrors with nearly 100% reflectivity, [13] [14] [15] micro-lenses, 16, 17 or resonators 13 with quality-factors exceeding 10 6 . Intriguingly, all of these optical properties can be accessed by properly choosing the gratings' period, thickness, and duty cycle (i.e., the width of the grating bars relative to the period). This versatility is possible due to the large refractive index modulation in HCGs, which allows for engineering the phase front of an impinging light wave to a large degree. A detailed description of the physics of near-wavelength HCGs can be found elsewhere. 18, 19 HCGs can also be integrated with onchip light-sources such as vertical-cavity surface-emitting lasers. 13, 14 In our experiments, we studied the polarization dependence of the second harmonic (SH) response from Al 0.6 Ga 0. 4 As HCGs, which were completely suspended in air. Exploiting the diffractive nature of gratings, we could generate and detect an enhanced SH response in a surfacenormal backscattering geometry, which, in general, is not readily attained with (001)-AlGaAs surfaces due to the selection rules of the material. We found that the strength and polarization of the SH response not only depended on the selection rules of the second-order susceptibility tensor v (2) of AlGaAs and, therefore, on the relative orientations of pump light polarization, grating bars, and crystal axes but also on the grating design. Strong SH signals were obtained from gratings that were designed with high reflectivity bands at the fundamental wavelength, and we ascribe this finding to the formation of non-propagating second-order polarization waves inside grating bars as well as to electric field (E-field) build-up inside the grating bars. Furthermore, we observe that the gratings can assist with the out coupling of SH light generated by longitudinal second-order polarization waves.
To fabricate the HCGs, electron-beam lithography was used to write grating patterns into a polymer-resist mask that was spun on top of an Al 0.6 Ga 0.4 As layer. Subsequently, the grating patterns were dry-etched into the Al 0.6 Ga 0.4 As layer. A sacrificial GaAs layer positioned right below the Al 0.6 Ga 0. 4 As layer was then removed using a selective wetetchant that etches GaAs but not AlGaAs. A scanning electron microscopy micrograph of such a fabricated grating is shown in Fig. 1(a) .
For this study, two types of gratings were fabricated: TM gratings and TE gratings. Both were designed with broadband reflection bands with nearly 100% reflectivity centered at a wavelength of 850 nm. It has been experimentally shown that such gratings can exhibit reflectivities near 99.5%.
14 While one type (TM gratings) exhibits high reflectivity for light polarized perpendicular to the grating bars (TM polarization), the other type (TE gratings) is highly reflective for light polarized parallel to the grating bars (TE polarization). The TM gratings used in this study have a period of 375 nm, a thickness of 235 nm, and a duty cycle of 54%, whereas the TE gratings have a period of 636 nm, a thickness of 145 nm, and a duty cycle of 44%. The grating size for both types was 12 lm Â 12 lm. Further detailed description of these gratings and their optical properties has already been published. 13 The SH measurements were conducted with a scanning confocal microscope in a surface-normal backscattering geometry. A schematic of the setup is depicted in Fig. 1(b) . The source for the fundamental pump light was a Ti:Sapphire femtosecond laser with a wavelength of 810 nm, pulse duration of 120 fs, and an average power of 500 lW. The laser spot size on the sample surface was 4 lm in all measurements. Both the pumping of the grating and the collection of the SH signal were performed from normal incidence with one objective lens (40 Â , 0.6 NA). A dichroic mirror was used to separate SH signals and the pump light. The SH signal was detected by a photomultiplier tube (PMT) with an integration time of 0.01 s for each pixel. Two polarizers in front of the pump laser and the PMT were used to analyze the polarization dependence of the SHG from HCGs. Powerdependent measurements were performed to confirm the quadraticity of the SH signal with respect to the pump power. Fig. 2 shows the polarization dependence of the SH response from a TM grating whose grating bars were aligned parallel to the [100] axis of the AlGaAs crystal. We found that the detected SH light from this HCG is more than 200 times larger if pumped with TM-polarized light compared to TE-polarized pump light. (Compare Fig. 2(a) 
where i, j, and k are permutations of the crystal indices. TMpolarized pump light will only couple to TM-polarized grating modes. Such modes are polarized perpendicular to grating bars and have an E-field component pointing perpendicular to the grating plane and an E-field component lying inside the grating plane. In the configuration treated in Figs. 2(a) and 2(b), this means that the fundamental E-field inside the grating will have components along the z-and ydirections. And following Eq. (1), this leads to a secondorder polarization with an x-component. Therefore, a strong TE-polarized SH signal could be obtained in Fig. 2(a) . By comparing Fig. 2 (a) with Fig. 2(b) , it can be confirmed that the SH light is predominantly TE-polarized. In the configurations shown by Figs. 2(c) and 2(d), the TM grating was excited with TE-polarized pump light. Analogous to the case with TM-polarized pump light, TE-polarized pump light will excite TE-polarized grating modes, which are polarized parallel to grating bars. Thus, for the configuration in Figs. 2(c) and 2(d), the fundamental E-field in the grating has only one component, which is polarized parallel to the x-axis of the crystal, and according to Eq. (1), no SHG was expected to occur. The polarization dependence of the SHG can be altered by changing the relative orientation of grating bars and crystal axes as illustrated in Fig. 3 . For these measurements, the gratings have been rotated by 45 relative to the crystal axes, so that the grating bars are parallel to the [110]-crystal-direction. (See schematic in Fig. 3(a) .) If a grating is excited with TE-polarized pump light, the fundamental E-field within the grating bars has x-and y-components, producing a longitudinal second-order polarization parallel to the z-crystal axis. The produced SH light will be polarized perpendicular to grating bars and can, therefore, be coupled out by the grating as TM-polarized light. Figs. 3(b) and 3(c) show the SH response from a TE grating pumped with TE-polarized pump light. The SH signal is indeed strongly TM-polarized with a polarization ratio of 75, confirming that the SH light produced by the z-polarized second-order polarization couples to TM-polarized grating modes. For TM-polarized pump light, the fundamental field inside grating bars has x-, y, and z-components, leading to a second-order polarization, which has components along all three crystal axes as well. Due to symmetry, the x-and y-components of the second-order polarization should have the same magnitude, which means that the second-order polarization will be polarized perpendicular to the grating bars, and a TM-polarized SH signal can be expected. Figures 3(e) and 3(f) show the SH response from a TM grating pumped with TM-polarized light, which confirms that the polarization is predominantly TMpolarized. The polarization ratio here is less than 3, which is smaller compared to what was obtained with the TE-pumped TE grating. For TM-pumping, any slight misalignment of the pump light polarization relative to the grating orientation will cause the x-and y-components of the fundamental electric field to have different magnitudes, leading to a secondorder polarization, which is not completely TM-polarized.
Furthermore, we find that the SH response of gratings is strongest in gratings, which are highly reflective for the pump light. We ascribe this to the circumstance that in a highly reflective grating, the impinging and reflected pump light will form a standing wave inside the grating bars, resulting in a non-propagating second-order polarization. Such a non-propagating second-order polarization can generate SH light not only in a downwards direction but also in a sideways and upwards direction, which can then be detected. If gratings are only partially reflective for the pump light, the second-order polarization waves inside the grating bars will be propagating downwards. Since polarization waves tend to generate radiation mostly in the direction of travel, less detectable SH light is to be expected. Indeed, by comparing Figs. 3(e) and 3(g), it can be seen that the SH response for the TM gratings was 8 times larger for TM pump polarization compared to TE pump polarization. Quite analogously, Figs. 3(b) and 3(d) show that the SH response from TE gratings was more than 500 times larger when pumped with TE light compared to TM light, a remarkable 2 orders of magnitude. For TE gratings pumped with TE light, appreciable E-field intensity enhancements of a factor larger than 11 could be found. (Compare Fig. 3(h) with Fig. 3(i) .) The results presented in Fig. 3 show that the polarization dependence can be altered by the grating design (i.e., periodicity, thickness, and duty-cycle).
To compare the SH signal strength obtained in this study, the SH response of flat (001) Al 0.6 Ga 0. 4 As surfaces have been probed in the same experimental setup. The obtained SH signals were more than 1400 times lower compared to what could be obtained with gratings. This is because in a surface-normal illumination scheme not all required fundamental E-field components will be created by a plane wave. Since the objective lens used in this experiment focuses the light onto the sample, which creates a zcomponent for the fundamental E-field at the focal plane, a small SH signal could be observed. The polarization dependence for the SHG in this case was as previously found in SH reflection-experiments on (001)-GaAs surfaces. 21 It should be noted that although Al 0.6 Ga 0. 4 As has a strong second-order susceptibility (120 pm/V), 22 it is not the most suitable material choice for SH light at 400 nm since at that wavelength, the absorption coefficient is large (a 400nm $24 1/ lm). 23 In principle, however, AlGaAs can be suitable for SHG of visible light since its bandgap can be tuned to the blue spectral region by increasing the aluminum content.
Furthermore, it is expected that gratings designed with resonances at both the pump frequency and the SH frequency could lead to much greater enhancements. 8 In summary, polarization dependent SH measurements have been performed with AlGaAs high contrast gratings. The SH signal was determined by an interplay of grating design, relative orientation of gratings to the crystal axes, as well as pump light polarization. Due to their diffractive nature, specifically their ability to change the direction of light, gratings can allow for enhanced SHG in an experimental geometry in which SHG is usually not readily observed because of the v (2) selection rules of AlGaAs. Compared to flat AlGaAs surfaces, the SH response from HCGs was enhanced by 3 orders of magnitude. The possibility for monolithic integration with surface-emitting light sources could make HCGs promising as frequency-conversion devices with small footprint, and future efforts will target this direction.
